In this study, fiber-reinforced microcellular foams are produced via injection molding and studied as a function of mold temperature as well as wood, blowing agent, and coupling agent concentrations. Birch wood fibers are added to a post-consumer recycled HDPE/PP matrix (85 : 15 ratio) in proportions ranging from 0 to 40 wt% and then foamed. Maleic-anhydride-polypropylene copolymer (MAPP) is also used as a coupling agent in proportions ranging from 0 to 10 wt% of wood content. In this first part, the morphological analysis of composite foams is presented including cell roundness, cell size, skin thickness, void fraction, and fiber aspect ratio.
INTRODUCTION
W OOD-PLASTIC COMPOSITES, KNOWN as WPC, are essentially composed of wood fillers (flour or fibers) and a thermoplastic matrix. Such materials are gaining acceptance in applications like decking, gardening, window profiles, marine installations, railways as well as building construction [1] [2] [3] [4] . In fact, the projected annual growth rates of WPC of all types through 2010 are 14% in North America and 18% in Western Europe [4] , and they are also catching on throughout Eastern Asia.
Nowadays, WPC can be foamed to reduce density while retaining acceptable mechanical and esthetic properties. Microcellular plastics can be produced by first saturating a molten polymer with a volatile blowing agent before rapidly decreasing the solubility of the gas present in the melt. As mentioned, foaming the composite reduces weight and material costs. However, final stiffness and strength are also reduced [4] . As for composite foams, the nature of the filler seems to have an effect on the cell growth mechanisms. While wood flour reduces average cell size by increasing the viscosity of the melt as well as by acting as a nucleating agent [5, 6] , wood fibers have been observed to produce larger cells because of poor adhesion at the wood/polymer interface [7] . Finally, a matrix composed of HDPE/PP has lower crystallinity than a matrix with either HDPE or PP. This in turn provides numerous interfaces which ease cell nucleation and ultimately produce finer cell size distributions [8, 9] .
Another way to drive down costs is to use recycled materials. While polyethylene and polypropylene (PP) are common components of postconsumer waste, their separation remains technically difficult and expensive [7] . It is therefore worthwhile to overcome this setback by developing processes using HDPE/PP blends.
Additives can also be used in WPC in much the same way as they are regularly used in neat polymers. While lubricants and light stabilizers are often added; coupling agents are necessary when processing composites for they improve adhesion within the composite. In fact, the hydrophilic wood filler has little natural affinity with hydrophobic polymer melts and therefore reduces the overall quality of the sample.
In this work, foamed WPC were produced via injection molding. The composites were produced from a blend of recycled HDPE and PP (85 : 15 wt/wt) into which birch fibers were incorporated in proportions between 0 and 40 wt%. Thermal decomposition of azodicarbonamide (ACA), a common industrial grade blowing agent, provided the necessary gas to produce microcellular foam. In this first part, the morphology is related to processing conditions. The foam structure analysis includes cell roundness, cell size, cell density, skin thickness, and fiber aspect ratio as a function of wood, blowing agent, and coupling agent content. The second part of the study will present the mechanical properties of these WPC foams. This work differs from other works on foamed WPC because it is centered on true recycled polymers used exactly as received from a local recycling plant.
EXPERIMENTAL

Raw Materials
The polymer matrix is a blend of postconsumer high density polyethylene and PP in a ratio of 85 : 15 having a density of 893 kg/m 3 . This low density value may indicate the presence of some lower density polyethylene. This blend was used exactly as received; no sorting or preprocessing of any kind was performed. It contains the occasional impurity and can be considered as typical postconsumer waste. Wood fibers (yellow birch) were obtained from a local sawmill. The fibers were sieved and only one size was kept, i.e., between 35 and 16 mesh Tylor (425 and 1168 m). The blowing agent used to foam the composite was Celogen AZ199 (Uniroyals), which is an industrial grade powder mostly composed of azodicarbonamide (ACA). Finally, a maleic-anhydride-polypropylene copolymer (MAPP) coupling agent was used to modify the wood/polymer interface: Fusabond P DM 353D (DuPont).
In order to study the effect of wood content, four concentrations were used (0, 20, 30, and 40%). Other parameters tested were mold temperature (40, 60, and 80 C), blowing agent content (0, 1, and 1.5 phr), and MAPP content (0 and 5%). MAPP of 1 and 10% were also used on composites containing 30% wood. Finally, 1.5% MAPP was added to the neat polymer resin in order to quantify its effect without wood. This concentration effectively mirrors the average amount present in the composites (5% MAPP of 30% wood). In each case, MAPP content was based on the amount of wood fiber in the composite and the compositions were based on weight percent of wood fiber.
Foam Density
Production of injection molded composites requires four steps. First, wood fibers must be dried in a vacuum oven at 103 C overnight in order to minimize the amount of volatiles (water). Compounding the polymer, wood, and coupling agent was performed on a Leistritz dual-feeder co-rotating twin-screw extruder (L/D ¼ 40) with a temperature profile between 150 and 185 C at a screw speed of 60-95 rpm producing a total mass flow rate of 6.6-7.5 kg/h. This allows proper distribution of fibers and MAPP in the polymer blend. Then, the extruded compound was pelletized and dry blended with ACA at room temperature. Finally, the mixture was fed into a Nissei 60T injection molding machine fitted with a mechanical shut-off nozzle (spring type) to minimize premature cell nucleation in the screw. In order to insure blowing agent activation without significant wood degradation, a temperature profile of 149, 171, 210, and 229 C was found to be optimal for the rear, middle, front, and nozzle zones, respectively. Other injection conditions are presented in Table 1 . Figure 1 presents the mold used which contains two identical cavities of 3 Â 25 Â 112 mm in size. The runners make up 35% of the total sample weight and are of semicircular shape. The V-shaped gates make flash practically impossible. It was therefore possible to inject at high speeds (99% of maximum) in order to minimize early nucleation and total cycle time because cells produced early are usually elongated due to shear stress during injection leading to anisotropic foam properties. 
Foam Characterization
Foam morphology was analyzed with an Olympus SZ6 stereomicroscope coupled with the SPOT software for image acquisition. Cell size and roundness, skin thickness, and fiber dimensions were evaluated via ImagePro Plus 4.5 (Media Cybernetics). Composite microstructures were uncovered by cold fracture. This method exposes true cell diameter as well as preserving the wood structure. Samples containing 0, 20, and 30% wood were studied at 60Â, while the samples containing 40% wood were studied at 40Â because of the irregularity of the fracture surface. Cell size distributions were based on a minimum of 100 cells. The cell area (A), directly calculated by the software, can be converted into an average cell diameter (d) using Equation (1), after verifying the actual roundness (R) of the cells (Equation (2)) which compares the cell perimeter (P) to that of a perfect circle of equivalent area.
Skin thickness can be evaluated by drawing up two lines, both parallel to the sample surface. As presented in Figure 2 , the first line must overlap the actual edge of the sample while the second must coincide with the nearest cells. Skin thickness was measured on both faces to obtain total skin thickness. 
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Complete morphological analysis of the foams was performed by studying five predetermined cross sections of the samples. Figure 3 presents the location of the micrographs taken to verify uniformity as well as cell morphology along the longitudinal and transversal directions.
Total void fraction ( V ) represents the total volume occupied by the gas within the sample. It can directly be determined from the reduced density ( R ):
where F and M are the density of the foamed and unfoamed material, respectively. The void fraction can also be estimated by combining the average cell volume (V C ), the cell density (N F ) as well as the foamed fraction ( M ) inside the sample:
The average cell volume considers cells to be perfectly spherical (Equation (5)) and is based on the fact that cell roundness has previously been confirmed by Equation (2) . Second, the foamed fraction simply estimates the volumetric ratio between the foamed core and the overall sample (Equation (6)). Finally, the cell density represents the number of cells in an expanded volume of foam (Equation (7)).
Equations (3) and (4) represent fundamentally different methods for calculating the void fraction within the samples. While the former rests solely on macroscopic variables, the latter is based rather on microscopic cell characteristics.
Finally, wood fiber dimensions were uncovered by dissolving the polymer matrix with boiling toluene (110.6 C). Fiber dimensions were obtained in a similar way as the cell dimensions but in this case, the software provides the maximum (length) and minimum (diameter) dimensions.
RESULTS AND DISCUSSION
Foam Density
Foams produced with 1 or 1.5 phr ACA were molded so as to insure that they have uniform densities in order to compare the effect of cellular morphology on sample properties. In fact, all samples were molded in such a way as to maintain comparable polymer fractions. Since wood cannot be foamed, increasing the amount of wood in the sample will necessarily decrease the overall void fraction. As shown in Table 2 , decreasing void fraction with increasing wood content was therefore unavoidable. These precautions allowed comparison of both the effect of blowing agent and wood fraction on the recycled WPC.
Cell Size
The cellular structure of the composite foams was carefully observed in both longitudinal and transversal directions in order to evaluate the sample isotropy and uniformity. As mentioned, microscopic characteristics were observed along five cross sections (Figure 3) . Results show that all the properties remained constant along the flow path. This was to be expected since high injection speeds tend to produce uniform cell distributions throughout small samples [10] . This is why only averaged properties are reported. Micrographs presented in Figure 4 illustrate typical cell structures as a function of wood content. It can be seen that increasing the wood content limits the development of foamed areas by decreasing both gas diffusion and cell growth. According to Matuana and Mengeloglu [11] , 0% wood 20% wood 30% wood 40% wood fibers obstruct the movement of gas molecules and therefore increase the average path they have to travel. The proposed method for calculating the average cell diameter lies on the premise of spherical cells (circular cross-section). Equation (2) has therefore been used to verify the cell roundness, a perfect sphere having R ¼ 1, while other shapes will produce higher values. Figure 5 illustrates that the cross sections are relatively circular along both transversal and longitudinal directions; i.e., very small deformation was observed (1.15 AE 0.02 and 1.17 AE 0.04). This may indicate that the cell growth occurred slightly before the melt comes to rest. Furthermore, wood content does not seem to influence the cell roundness. This may be due to the fact that wood particles are at least an order of magnitude larger than the gas cells. Varying wood contents in these conditions should not greatly influence the melt flow at the bubble's scale. It is suspected that this may no longer hold true when smaller wood particles are used.
Since the cells are almost spherical (R % 1), cell diameters can be obtained from Equation (1). As presented in Figure 6 , the overall average cell diameter is 58 AE 18 m. As mentioned, high ram speeds used during injection helped to ensure constant cellular structure throughout the body of the samples. In this study, cell uniformity has been verified by analyzing the morphology throughout the injected sample ( Figure 3 ). In accordance with Pfannschmidt and Michaeli [10] , the results show that the cellular structure remains constant within a single sample. In order to allow this, sample composition must also remain constant. This, in turn, indicates that dry mixing prior to injection is sufficient to evenly incorporate ACA into the extruded wood-plastic masterbatch. Injection Molding of WPC I: Morphology Figure 6 illustrates the effect of mold temperature, blowing agent content, and wood content on cell size. First, the cell size seems to be unaffected by mold temperature. This is in contradiction with the authors' expectations, because the cooling rate can directly be linked to crystallinity of semicrystalline polymers and to the time before the polymer solidifies. According to Rachtanapun et al. [8] , higher crystallinity reduces the foaming capabilities. It is possible that the temperature range tested was too narrow to detect any significant variations in cell size. This may be due to the natural immiscibility between HDPE and PP causing low crystalline fraction independently of the rate of cooling. Second, the cell size may decrease slightly with blowing agent content but this difference has not been shown conclusively. This phenomenon is plausible because solid residues resulting from the ACA decomposition are known to act as a nucleating agent [12] . Creating more cells may lead to smaller ones. Finally, Figure 6 shows that the average cell sizes increase proportionally to wood content. Doroudiani et al. [7] also reported large cells at wood/plastic interfaces due to weaknesses in the interfacial bonds linking each constituent. To illustrate this point, cell size distributions as a function of wood content are presented in Figure 7 . Figure 7 shows cell size distributions for all four wood contents. It has already been shown that the cell sizes are unaffected by low wood fractions but increase with the amount of wood. In this case there is no significant difference in cell size distribution between 0, 20, and 30% wood samples: 50 AE 15, 46 AE 14, and 54 AE 15 mm. This constancy has also been reported by Zhang et al. [13] who stated that the viscosity of the composite in the melt state does not change appreciably for wood contents lower than 20%. Conversely, 40% wood samples are characterized by larger cell Figure 6 . Average cell sizes as a function of mold temperature, ACA content, and wood content. size and distribution: 74 AE 23 mm. As mentioned, very large cells (%180 mm) in 40% wood samples are not caused by cell coalescence but by weak interfacial bonds.
The effect of MAPP on cell size distributions is presented in Table 3 . It can be seen that samples produced with and without 5% MAPP react in much the same manner. Furthermore, the coupling agent concentration does not seem to have a significant effect on cell size for composites containing 30% wood. It can therefore be concluded that MAPP in blends of recycled polyolefins and wood fiber has negligible effect on cell size and confirms the results of Zhang et al. [13] .
Skin Thickness
Cells need low melt pressures, low melt viscosities, and a certain amount of time to nucleate and expand. The mold must therefore be kept at a relatively high temperature to allow foaming to occur. Due to large temperature differences between the hot polymer melt and the cold walls of the mold, the formation of an unfoamed skin is inevitable in injection molding (Figure 8) , and its thickness can be directly linked to the matrix viscosity [14] . Figure 9 presents some typical micrographs, where a clear 0% wood 20% wood 30% wood 40% wood demarcation is observed between the skin and core sections. As reported many times [15, 16] , skin thickness strongly influences the mechanical properties of the material, namely its overall stiffness. The average skin thickness results are presented in Figure 10 . As previously reported by Rodrigue and Leduc [17] , Figure 10 shows that skin thickness is a function of mold temperature and ACA content. The results clearly indicated that wood content strongly influence skin thickness as well. Results show that the overall average skin thickness is 479 AE 92 m. It is well known that mold temperatures and wood contents influence the melt viscosity; therefore they must also influence skin formation. As expected, higher wood content increases skin thickness while higher mold temperature decreases it. Furthermore, higher blowing agent concentration reduces skin thickness. In this case a 50% increase in ACA levels reduces skin thickness by 12%. According to Rodrigue and Leduc [17] , the increase in internal pressure brought along by higher blowing agent concentrations forces cell growth alongside the edges. Because density was kept constant here, higher ACA concentrations have a negligible effect on cells size but reduce skin thickness.
Skin thickness was found to increase with wood content for both treated and untreated samples. As reported in Table 4 , samples containing 40% wood have 50-70% thicker skins than their neat polymer counterparts. However, samples treated with MAPP show a small but significant reduction in skin thickness. According to Wah et al. [18] , a coupling agent reduces the melt viscosity by providing better molecular motion between the polymer chains; this phenomenon may be associated with molecular chain scission, change in molecular weight distribution, Figure 10 . Skin thickness as a function of mold temperature, ACA content, and wood content.
or a lubricating/plasticizing action induced by the coupling agent. Furthermore, WPC treated with MAPP show less variability (lower standard deviation) than their untreated counterpart. In this case, the fibers are relatively large in comparison to the composite thickness (average fiber length is roughly a third of sample thickness) and the presence of MAPP helps to improve the fiber dispersion within the polymer matrix, therefore reducing inhomogeneities.
Cell Density and Void Fraction
Foams can also be characterized by their cell density (N F ) or amount of cells found in any given volume of expanded foam (Equation (7)). For a given quantity of blowing agent, cell density is strongly related to the average cell size: the larger the cells, the fewer there are. Figure 11 shows that cell densities range between 5 Â 10 5 and 3 Â 10 6 cells/cm 3 . Furthermore, the presence of 5% MAPP does not appear to influence cell density. This corroborates once again that MAPP addition has no significant effect on foam morphology.
As defined by Equations (3) and (4), a void fraction can be estimated from macroscopic or microscopic data. However, the macroscopic method is simpler and not burdened by hypotheses on cellular morphology as long as the cell morphology is kept constant throughout the sample. Meanwhile, the results presented in Figure 12 compares both the methods to determine the reliability of the microscopic analysis. Figure 12 also shows void fraction between 5.5 and 13.6%. This variation occurred because the blowing agent was added to the composite in direct proportion to polymer content. This method has been chosen in order to produce comparable density reductions within the polymer phase, independent of the polymer-wood ratio. Composites containing higher wood fraction contain less ACA and have lower density reductions. In general, calculations based on the microscopic analysis gave smaller values (13% on average). This implies that one or more of the 30% wood 40% wood Figure 12 . Void fraction calculated from Equations (3) and (4).
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fiber dimensions in relation to the nature of the composite in which they are embedded. Figure 13 illustrates typical fiber micrographs. The average initial fiber length was 2.2 AE 0.8 mm but was reduced during processing. In fact, increasing the wood content causes melt viscosity to increase leading to thermomechanical degradation of the fibers. Figure 14 shows that the average fiber length is 1.0 AE 0.4, 0.8 AE 0.3, and 0.7 AE 0.3 mm for 20, 30, and 40% wood content, respectively. Nevertheless, the length over width ratio (L/D) remained relatively constant at 3. This implies that the dimensions of the fibers are reduced in both longitudinal and transversal directions. Although fibers may undergo shredding under stress, their apparent size reduction may also be related to the fiber's compression (crushing of the wood's cellular structure) due to high pressures used in injection molding. According to the law of mixtures, wood density inside the composites was calculated as 1440 kg/m 3 (up from 649 kg/m 3 before processing); close to the compact density of wood membranes estimated as 1450 kg/m 3 for yellow birch [19] .
Initial wood 20% wood 40% wood 30% wood Figure 13 . Micrographs of wood fibres before (initial) and after injection molding as a function of wood content.
CONCLUSION
In this first part, foamed wood-plastic composites (WPC) based on postconsumer HDPE/PP (85 : 15) blends and yellow birch wood fibers were injection molded to study the relation between the processing conditions and final morphology. The effect of wood, blowing agent, and coupling agent contents, as well as mold temperature was investigated to relate cell roundness, size, density as well as skin thickness with fiber aspect ratio and overall sample void fraction.
Microscopic analysis showed that both cell size and skin thickness increased significantly with wood content but were relatively unaffected by mold temperature and blowing agent concentration. Cell density was found to be around 1 Â 10 6 cells/cm 3 and varied inversely with cell size for a given amount of gas. While actual fiber length was reduced during processing, the fiber aspect ratio remained virtually unchanged. 
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Moreover, of all the microscopic properties studied, only skin thickness was found to change with MAPP content. In fact, increasing its content significantly reduced both skin thickness (average) and skin thickness variability (standard deviation). It also improved fiber dispersion in the melt. The second part of the study focusses on the mechanical properties and their relationship with the morphologies described here.
